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By John L . S e w a l l  and Donald S. Woolston 

Results a m  presented t o  show the  effect  on f l u t t e r  character- 
i s t i c s  of variation of the aerodynamic shape of Concentrated  weights 
r igidly mounted on a  simplified w i n g  structure. The .model was mounted 
as a rigid cantilever and tes ted with weights that were 7L percent 

and 5 percent of ths weight of the w i n g .  Ln regard t o  shape, two 
general  types of weights,  having similar mass and momen--inertia 
properties, were  employed: one a streamlined body resembling i n  
shape an external wing fuel tank and the other  a chosen nonstre- - 
lined, o r  blunt, body. Approxfmately 20 f l u t t e r  t e s t s  were conaucted 
i n  a preliminary program at  law Mach nunibem with weights varied over 
a wide range of spanwise positions; an addftional  chdwise  posit ion 
was included at the wing tip.  Results show only small changes i n  
f l u t t e r  speed and f l u t t e r  frequency due t o  radical  changes i n  the 
aerodynamic shape of concentrated  weights. A large reduction in 
f l u t t e r  speed is shown 8s re lat ively light concentrated  weights are 
moved nearer  the t i p ,  w i t h  only a small change i n , f l u t t e r  frequency. 
Results also demonstrate, experimentally, a considerable  influence 
of m n t  of inertia on f l u t t e r  speed and f l u t t e r  frequency. 

2 

The instal la t ion of large external f u e l  tanks on airplane wings 
has caused attention t o  be directed t o  the  possible  influence of the,se 
tanks on certain  aeroelastic  properties of the wing. For example, an 
investigation of the cause of wing fa i lure  far a certain  airplane 
having an external  fuel tank at the wFng t i p  (with the tank i n  an 
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almost  empty  condition  at  the t W  of failure) W s t e d  the possi- 
bility  of  wing  flutter,  with a lower flutter sped resulting  fram  the 
aerodynamic  forces  acting on the  tank. No analytical  treatment  is 
available  for  predicting  the  oscillatory  farces on such bodies, and 
thus  the  effect on flutter  characteristics  of a change  in body shape 
cannot  be  directly  calculated. A systematic  experimental  study of 
effects of concentrated  weights  on  flutter  characteristics  was 
reported in reference 1, and analytical  studies of these  effects were 
made in references 2 and 3. Throughout  the  studies,  however, no 
particulm'  attention  was  given  to  the  aeroQnam3.c  contours of the  con- 
centrated  weights  employed.  The  primary  obJective  &this paper is  to 
present exprirnental  reeults on soma effects on the flutter speed and 
flutter  frequency of a wing  carrying  concentrated  weights  having 
widely  different  aercdynamic  shapes. 

This paper presents results of a limited study that  is part of a 
broader  investigation. For the  flutter  tests, a straightxmtfqered 
uniform cantilever  wing  .was  used. The concentrated  weights  employed 
had similar mass and  mcansnt"af--inertia  properties, but were o f -  
different  aerodynamic shapes. One of these weights was a streamlined 
body  resembling  in  shape  an  external f u e l  tank,  whsreas  the  other  was 
of a nonstreamlined shape, 

The  concentrated  weights  were  selected so that  the  ratio of their 
weights  to  that  &--the w i n g  was comparable  to  the r a t l o  of the  weights 
of.  an eqty external  fuel  tank and the  wing of' a typical  airplane. lb 
Oiew of the relatively low ratfo of the  weight of an empty external 

might exert much  influence on the flutter  characteristics of the wing. 
Because of the ahape of the  tank,  however,  the &nt of inertia of 
the  tank is usually high in canparisan  with  its weiat. Since  this 
appreciable  momnt; of inertia mqy quite  conceivably  exert  strong 
influence on flutter  characteristics, a study of the  effect  these 
characteristics  of a variation in the  moment of inertia of the  external 
tank has been  included. 

fuel  tank  to  the  Weight Of a Wing,  it  EeelIl0d UIiLiksu that  its -88 

" 

Flutter  tests  were  conducted  with  the  weights  mounted  rigidly at 
the w i n g  tip and at various  spanwise  positions. In the preeent pre- 
liminary  study,  the  testing  was done only at law Mach numbers  and cmly 
a few  wing-eight cdigurations were -ea. 
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weight of W F n g ,  pounds W 

w, weight of concentrated  weight, pozlnd~ 

2 length of wing, feet 

b half-hord of wing,  feet 

I, mass mcrmant cf inertia of weight about  wing  elastic 
axis, inch”pound-eecond2 

ICG 
mass mcnnent of inertia GI‘ wing about  center of gravity, 

inch-pound-econd 2 

mass moment of inertia of wing about elastic axis, 
inchpound~econd2 

bending  rigidity of w i n g ,  pound-inches 2 E1 

GJ 
- 

. 
b P density of testing medium, slugs per  cubic foot 

m mass of  wing  per  unit length 

mass ratio (2) 
nondimensional radius of gyration  relative  to  elastic rU 

distance  between  elastic ax la  of wing and center of 
gravity of weight  referred  to halT+hord 

=W 

fn frequency, cycles  per  eecond 

f 
hl 

first bending natural frequency, cycles per second 

. 
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fh2 

f t  

second bending natural frequency,  cycles  per second 

first torsian  natural frequency, cycles  per aecand 

f e experimental f l u t t e r  frequency,  cycles per secmd 

vi indicated airspeed at f lu t t e r ,  feet per second 

Y true airspeed a t   f l u t t e r ,  feet per second 

9 m c  pressure at  f lu t t e r ,  pounds per square foot 

ghl 
structural  damping coofficient, first bending 

a2 
structural  osinrping coefficient, second bending 

. . .  

Qa structural  damping coefficient, first torsion 

Subscript: . . .  . .  

W refers t o  the comesponding properties or parameters 
of wing carrying  conoentrated  weights 

APPARATUS 

The ent i re  series of approximately 20 f l u t t e r  test-B w a ~  made on 
a single unffomn wfng. The model selected for testziw, b u i l t  of 
magnesium alloy, was 40 inches long with an &inch chord and had an 
NACA 1-04 airfoil   section. As ahown i n  f lgure 1, the model was 
mounted rigidly t o  the top of the test   section a8 a cantilever beam 
so  that the f l u t t e r  produced may be considered t o  correspond t o  a 
symmstrical d e .  The caordwise elots  shown along the t ra i l ing  edge 

in   f igure 1 were cut  t o  a depth of approximately !d inches at every 

inch  along  the span i n  an ef for t  t o  move the  elastic axis  forward 
and hence keep the divergence speed above the expected f l u t t e r  speed 

4 

Y 
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range. A cross-sectional view of the w i n g  is given In figure 2 and 
the wing properties were as follows: 

Chord,inches . . . . . . . . . . . . . . . . . . . . . . . .  8 
Length, inches . . . . . . . . . . . . . . . . . . . . . . . . .  40 
Aspect r a t i o  (geamstric) . . . . . . . . . . . . . . . . . . .  5 
Taper ratio . . . . . . . . . . . . . . . . . . . . . . . . .  1 
Airfoil section . . . . . . . . . . . . . . . . . . . . .  N.4C.A 16-004 
W,pounds . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.89 
*CGJ inch-pound”second2 0.0428 
I&, inch-20und”second2 . . . . . . . . . . . . . . . . . . . .  0.0434 
EI, pound-inches2 . . . . . . . . . . . . . . . . . . . .  0.0608 X lo6 
GJ, pound-inches 2 . . . . . . . . . . . . . . . . . . . .  O.Og4-4 X l& 
r, O.Zl.4 
- (standard  air, no weight) 55.0 1 

. . . . . . . . . . . . . . . . . . . .  

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . .  IC 

The model was s t a t i ca l ly  loaded at the  t ip   to   obtain  the 
r igidi t ies   in   tors ion and bending. 

- Concentrated  weights which  had similar mass and Illarnsnk-of i ne r t i a  
properties  but which differed in ahape were used. Ln regard t o  
shape, two general  contours were  employed: one, a streamlined body 
resenibling an e ~ e r n a l   f u e l  tank, and the  other, a chosen nonstreamlined,. 
or blun%, body. The weights were made adaptable t o  various  phases of 
the  investigation. 

. 
Weights 1 and 2 were the streamlined and the nanstreamlined 

bodies, respectively, used t o  examine scam effects  of aer-amic 
shape of t i p  weights on f l u t t e r  speed and f l u t t e r  frequency. These 
weights were located at two different chordwise positions,  designated 
by “a” and “b”. Weights l a  and  2a (figs.  3(a) and 3(b), respectively) 
were those for which the  center of gravity of the weight w a s  close t o  
the wing e las t ic  axis. Weight-8 lb and 2b (figs. 3 (c) and 3(d), 
respectively) were those for which the  center of gravity of the weight 
was nearer  the  leading edge of the wing. 

Weight 2 was also used t o  study  the  effect af varying  the moment 
CXP iner t ia  of a w e i g h t  a t  the t ip .  Two configurations  representing 
different momsnts of iner t ia  were used. These w e r e  designated a s  
weights 2c and 2d (figs.  3(e) and 3(f) ,  reapectiveu).  The centers of 

coincided with that of w e i g h t  2a. 
* gravity of these weights, re la t ive   to   the   e las t ic  axis of the wing,  

I .  
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Weight 3 (fig.  3(g)) and weight 4 (fig.  3(h)) were the stre- 
l ined and the nonatremlined bodies, reapectlvely, uaed t o  pursue 
further the investigation of effects  of' aerodynamic shape. The 
weights were made go. .that they  could be -varied over a w i d e  range of 
spanwise positions w i t h  their  Iner t ia l  propertie~l mminFng constant. 
The 'center of gravity of each weight waa located  close t o  the  elaetic 
axis of the w i n g .  

The concentrated weight prbperties are given i n  follawing 
table,   in which tihe negative values c& ew indicate weight locatlona 
forward crP the w i n g  elaat ic  axis: 

la 

Ib 

2a 

2b 

2c 

2d 

3 

4 

0.045 

- 0  513 

.&5 

-* 505 

-045 

a 0 4 5  

.023 

.023 

The f lu t t e r   t ea t e  described  herein were conducted in the 
Langley 4.gfoot  f lutter  research  tunnel,  the essential  features of 
which axe diecussed i n  reference 1. 

Strain gages mounted on the w i n g  near the root, as shown i n  
figure i, permitted vibration  recafds  to be made of the bending and 
toreional  oscillations of the w i n g  auring f lu t t e r .  The equare 
indicates the location of the bending gages and the Circle8  indicate 
the locations of the torsion gaps.  The strain-age signal8 were 
recorded on a recordling oscillograph. 

. 



In order t o  prevent  destruction of thO w i n g  as  a result of . divergence, restraining wires were  attached fran the tunnel w a l l s  to 
the w i n g  quarter chord near the  t ip .  As can be seen in figure 1, 
these  wires had sufficient  slack  in t h e m  t o  permit adequate  amplitude 
i n  f l u t t e r  but could s t i l l  save the w i n g  if divergence occurred.. 

Ln the f lu t t e r   t e s t ing  of the model ,  velocity of flaw in   the  
tunnel was increased slowly u n t i l  the c r i t i c a l   f l u t t e r  speed was 
attained. A t  this  point,  the  tunnel  conditions were observed and, 
simultaneously, an oscillograph  record of the  vibrations of the model 
was taken. These data, from which the experimental f l u t t e r  speed and 
f l u t t e r  frequency w e r e  obtained, have been recorded in   table  I. For 
most runs,  the  natural  frequencfee were tabulated both before and 
after the actual run t o  determine w h e t h e r  OT not the w i n g  had been 
damaged  by f l u t t e r .  The remarks in   table  I regarding the f l u t t e r  
chazacteristics are based  almost ent i re ly  on v i s u a l  observations made 
a t  the time of the run; bscause of ths sudden an5 violent occurrence 
of f l u t t e r ,  these remarks are incl ined  to  be s a n e w h a t  arbitrary. The 
structural  damping coefficients  recorded in table I have been 
determined from the  ra te  of decay of o sc i l l a t ims  on , the vibration 
records of the  natural  frequencies. 

. 
RESULTS AKD DISCUSSION 

In presenting  the results of this investigation, three phases of 
the problem are Considered: first, som effects  of a e r w c  shape 
of concentrated weights; second, effects  of variation in the spanwise 
position of l i gh t  concentrated weights; third,  effects of momnt of 
iner t ia  of light concentrated  weights. The second and third phases 
are included as logical outgrbwths of this program and may be regarded 
as incidental t o  the first phase, which is concerned with the primary 
objective of the paper. -4s i n  reference 1, the variations in  f l u t t e r  
speed and f l u t t e r  frequency, the two f l u t t e r  parameters studied, have 
been campared to   the  corresponding parameters of the unweighted wing. 

Effects of  Aerodynamic Shape of Concentrated Weights - 
Attention may first be directed t o  the effect  on f l u t t e r  speed 

and f l u t t e r  frequency of the ae rdpamic  shape of concentrated  weights 
0 
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mounted a t   the  w i n g  t ip .  In the  following  table  these parameters have 
been compared for two different chardwise positions of wefghts 1 and 2: 

l b  streamlined 19.4 

2b Nonstreamlined 19.8 

(re lV Run 
(see - 

fe, table I) 

Exmuination of the f l u t t e r  speeds ahuws a naxm difference of 
3p percent be-bwen streamlined and nmstreamlined ahapes. A radical 
change in the shape of weights located at the t i p  appears t o  have 
produced only a amall change i n   f l u t t e r  speed. A s a m e w h a t  greater 
effect  of shape on f l u t t e r  frequency is noted wtbh  €he ch-s 
occurring in opposite  directions for the two different chardwise 

1 

positions. 

The effects  of aerodynamic shape of weights for a wide range of 
spaarise positions are presented' in figure8 4 and 5 f o r  w e i g h t  3 
(fig. 3(g)) and w e i g h t  4 (fig. 3(h)). Cmparison of the f l u t t e r  speedB 
in f i@;ure 4 f 01" streamlined -and nonetreamlined  shapes shows a differ- 
ence of  not-more than 4 percent at any point along the SF&. Thus, a 
radical change in aerodynamic shape of wei@ts at any spanwise 
location  has produced only a small change i n   f l u t t e r  speed, although 
f o r  most spanwise positians a8 well as for the tfp position the f l u t t e r  
speed was lower f o r  the  streamlined shape than for the nanstreamlined 
shape. lkamlnatim of figure 5 ahows that with  the  exception of the 
tip posit ion  the  f lutter frequency differed by-less than 3 percen t -  
between streamlined and nonetreamlined n ha pee at any point  along  the 
spas  0 

Although the effect  on f l u t t e r  of aerodynamic shape of the 
weights is shown t o  be mall, it should be remakked that shape may be 
very significant i n  regard t o  such static  aeroelastic instabilities 
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as w i n g  divergence. However, the  s ta t ic  case8 are not  considered in 
this  investigation. 

Ef'fects of Spanwise Variatian of Li&t  Concentrated Wei-ats 

For these tes ts ,  the influence cif a e r w c  shape was sham t o  
be ma,l.l as the Bpatrwise location of the light concentrated  weights 
was varied from root   to   t ip .  The general  reduction in f l u t t e r   s p e d ,  
similar t o  that sham in reference 1 far weights having a c a p a b l e  
chordwise centercofwavitg  location, may therefore be attr ibuted 
wholly t o  the effect  of the  concentrated weights. B tha present 
investigation a maxFmum reduction i n   f l u t t e r   s p e d  of 17 percent was 
obtained w i t h  weights' w h i c h  were approxlmtely 5 percent of? the weight 
of the wing. Ln reference 1 a maxirrmm reduction of 1 3  percent is 
aham for weights which were approximately 60 percent of the weight 
of the w i n g .  A comparison on the basis of w e i g h t  alone w i t h  the 
resu l t s  of reference 1 shows the  reduction  In  f lutter speed in   the  
present cases t o  be of much larger magnitude than  might be expected. 
That the  effect  is me of mcanent of iner t ia  rather than one of mss is 
indicated by examination of figure 6, i n  which is s h m  the  variation 
of natural  frequencies with span posit ion  for w e i g h t  3. The bending 
frequencies appear t o  be relat ively unchangeb, indicating that the 
effect  of mass is mall; but in the tcrsional frequency  there is noted 
a marked reduction, which can be attributed to   t he  appreciable moment 
of iner t ia  of the weight, for weight positions  near the t i p .  

The flutter  frequencies for weights 3 and 4 were not greatly 
affected by the variation in sparrwise position of the weights 
(see figs. 5 and 6 ) .  A s  shown i n  figure 5,  a maximum reduction of 
1% percent was found. In reference 1 the maximum reduction amounted 

t o  59 percent f o r  weights that were appraxirmtely 60 percent of the 
weight of the w i n g  and had chordwise centee-avfty  posi t ions 
comparable t o  those of weights 3 and 4. 

E f e c t s  or  Moment af Iner t ia  of L igh t  Concentrated Weights 

The effects  of the moment of iner t ia  of the w e i g h t  on f lu&ter  
speed and f l u t t e r  frequency have been studied w i t h  the aid of t i p  
weights 2c (fig. 3(e)) and 26 (fig. 3(f)) ,  in  addition t o  weight 2a. 
The results a m  preaented in figures 7 and 8. As can B e  seen i n  
these figures, an increase in  moment of i ne r t i a  produced a decrease 
both in f l u t t e r  speed and f l u t t e r  frequency. Caparison among the 
natural  frequencies i n  figure 8 further shows that the main effect of 

8 
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variat ion  in  mament of iner t ia  haa been on the  tomianal degree of 
freedox, with the bending frequencies remaining essentially unchanged. 
This fact,  together  with  the  data obmrved in  the  variation in 
sparrwiae position of wei&ta 3 and 4, indicates that even though a 
re lat ively light concentrated weight-is used, its m m n t  of iner t ia  
may be such that-considerable inf1uenc.e is  emrted on f l u t t e r  sped 
and flutter3requency. 

In a preliminary experimental program..cansisting of over 
20 f l u t t e r  runs  at  law Mach numbera, results have been presented t o  
show same effects on f l u t t e r  speed and f l u t t e r  frequency of the 
EteroQmmic shape of concentrated  weights. These parameters have been 
compared for skeamlined and nanstreamlined ahapes of r igidly mounted 
weights that were v m i e d  over 8 wide range of spanwise positlorn on a 
straight cantilever wing.. BL regard t o  shape, two genera~'type8 of 
weights having abui3a.r ma88 and moment-of-Inertia proper;ties were 
employed: one a streasllined body resenibling in  ahape an external 
wing fue l  tank and the other a chosen nmstreamlhed body. Becauae of 
t he  prellmhary nature of t h i s  i nves t iga t ion ,  the following remrke 
are  necessarily  restricted  to data on t h i s  w i n g  and therefore cannot 
be regarded as general. 

Results, concerning the main objective of the  investigation, show 
that both f l u t t e r  speed and f l u t t e r  frequency a re  r e l a t i v e l y  unaffected 
by radical changes i n  the aerodyIlEtmic ahape of the concentrated 
weights . 

Further observations in t h i s  fnvestigatian are possible on two ' 

other results wmch are considered t o  be logical, though perhaps 
incidental, outgrowths of the main objective. In regard t o  the f irst  
of these  auxiliary results, the  variation in  spanwise position of 
relatively light concentrated  weights  (apgraimately 5 percent of the 
weight of the wing) poducee an effect  on t he   f l u t t e r  speed that is 
large when cnm-pared with the resu l t s  of reference 1 f o r  much heavier 
weights; the  effect 011 f l u t t e r  frequency, however, is amall compared 
with that found in reference 1 f o r  heavier weights. In regard t o  t h e  
second OP them other results, it is experimentally damonstrated that  
the  effect  on f l u t t e r  speed and f l u t t e r  frequency of the moment of 
iner t ia  of a relatively li&t concentrated wei&t  mag be large. 

Lesgley Aeronautical Laboratory 
matianal advisory Comaittee for Aeronautics 

I3xngle-y A i r  Force Base, Va. . 
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Figure 1.- General v i e w  of test section and e e l .  Note divergence 
reetraining wires near tip. 
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(b) Weight 2a. 

Figure 3.- Concentrated weights. 
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(c) weight 1-b. 
- .  " 

fd) Weight 2b. 

Figure 3.- Continued. 
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(e) Weight 2c. 

Figure 3.- Continued. 
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pigrcre 3.- Concluded. 
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Figure 4.- Variation of fluteer speed w f t h  spamrise position for  weights 3 
and 4. 
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Root Peroent span 

Figure 5.- Variat-ion of f l u t t e r  frequency with spanwise position f o r  
weights 3 and 4. 
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. 

Root Peroent epan 

Figure 6.- Variation i n  natural and f l u t t e r  frequencies with spanwise 
position f o r  w e i g h t  3. 

I 



F i w e  7.- Variation of f l u t t e r  speed with mass moment of iner t ia  for 
tip weight8 2ai 2c, and 2d. 

8 

Figure 8.- Variation in frequency with mass moment of inertia fo r  t i p  
weight8 2a,  2c, and 2d. 
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